Measurement of formation factor (ratio of rock resistivity to interstitial water resistivity) from sediment cores provides an indirect measurement of the tortuosity of the fluid channels in the sediments. From these measurements one can estimate the diffusion coefficient of the sediment with depth. The F (formation factor) values for Indian Ocean sediments varied from 1.6 for a clayey diatom ooze having 87% porosity (70% water content) to 13.6 for a cemented limestone having 25% porosity (11% water content). These formation factors would yield diffusion coefficients for chloride ions in the corresponding sediments of 6.4 × I0-6 to 1.5 × 10-6 cm 2 /sec. In general, surficial sediments showed diffusion coefficients about one-half to onethird of those for free solution, values decreasing with depth and porosity.
INTRODUCTION
The permeability of porous sediments to movement of ions and molecules is an important property since it governs the rate at which migration, loss or gain of dissolved constituents, may proceed via the interconnected fluid channels. The diffusive properties of relatively porous sediments are known to some degree through laboratory experiments (Manheim, 1970; Smirnov, 1971) and can be inferred indirectly by electrical measurements. However, whereas substantial data are available from electrical logging measurements in drill holes, particularly in oilfield work (Pirson, 1963) these data refer almost exclusively to reservoir, or permeable rocks such as sandstones and permeable limestones. Only a few studies have attempted to obtain data on relatively impermeable materials such as shales, shaly sands, or tight limestones. In particular, there appear to be only two systematic studies applicable to elucidating the diffusive permeability of sediments downward from the sea floor (Zatenatskaya, 1965; Keller, 1969) . Such data are needed to understand the exchange of materials within the sediments and between the deposits and overlying ocean waters.
In principle, the manner in which electrolyte-saturated sediments transmit electrical current is analogous to their ability to allow molecular diffusion. The diffusivity of dissolved species within sediments is a function of the species themselves; the temperature, viscosity, and other physical properties of the solution; and the porosity and tortuosity (geometry) of the free channels in the sediment. Since the electrical resistivity of many mineral particles is very large compared with electrolyte solutions, one can often ignore the proportion of current carried by the solids. Under such conditions the diffusion coefficient of a given molecule or ionic species within the sediment is given by
where d 0 is the diffusion coefficient for the given species in free solution at a given temperature and ionic strength solution, R w is the electrical resistivity of the interstitial water of the sediment, and R s is the bulk electrical resistivity of the sediment. F, or R s /R w , is the formation factor. Alternatively,
where C s and C w are corresponding conductivities and
Where the sediments in question contain high proportions of clay with respect to fluid, the clays may conduct a significant part of the current, and the above relationship will no longer be applicable. Under these conditions
where R c is the resistivity of the clay component, or
Or
using conductivities.
No simple correction can be made for clay resistivity or conductivity, however, because the total conductivity is a complex function of the geometry of the pore distribution and interaction of the electrolytes with the clay. For many sands and sandstones, the simple Archie relationship holds:
where 0 = porosity.
For clays, the exponent may vary from 2.5 to 5.4 (Atlan et al., 1968) . However, these investigators also showed that the contribution by clay to rock resistivity can be quite well characterized by clay type and particularly base exchange capacity of the sediment. For example, the limiting conductivity for illites having a base exchange capacity of about 25 meq/100 g is on the order of 0.2 mho/m or 5 ohm/m resistivity for sediments permeated with saline solutions of seawater ionic strength or greater. This indicates that deriving diffusion coefficients for Leg 22 sediments from the electrical measurements will normally involve an error smaller than the scatter of values attributable to local variability in lithology and uncertainty due to temperature gradients. The actual error may sometimes exceed about 10%. In such instances, the apparent diffusion coefficients will be systematically higher than the true values.
Diffusion coefficients are sensitive to temperature. Because information on temperature gradients is not available, the diffusion coefficient cannot be corrected for in situ temperature. At the greatest depths, temperature may be significantly higher than 25° (perhaps reaching 35°) whereas at shallow depths, temperatures similar to those at the sea floor (1-2°) are anticipated. Such differences involve a change in diffusion coefficient on the order of a factor of 2*4.
Preliminary experiments, using a two-electrode probe and a Beckman resistivity bridge to measure sediment and fluid resistivity, showed that polarization effects with stainless steel, copper, brass, and platinum electrodes rendered them useless for salinities above 0.1 iV NaCl. Platinized platinum, commonly used for laboratory measurements, was regarded as unfeasible because of the delicacy of electrode surface and probable damage by abrasive sediments. However, 1/8-in. diameter spectrographic graphite electrodes, when pointed in a pencil sharpener, appear to yield acceptable results even with strong brines. This system was placed aboard Glomar Challenger for the special geochemical study on Leg 15. However, W. S. Broecker, who tested the system, reported that the graphite electrodes tended to break, and unexplainably large shifts in calibration resistivities occurred. Subsequently, a 4-electrode device was employed, which has proved much more successful and sturdy for the measurements made on Legs 22 and 23B.
METHODS
The construction of the probe and the 4-electrode test circuit are shown in Figures 1 and 2 . The outer two electrodes supply the AC current .(high frequency), whereas the inner electrodes are used to measure the potential. With this system, polarization effects are minimized, since it is the relative potential drop between inner electrodes that determines the measured resistivity. Electrodes are inserted into a medium whose depth may be infinite with respect to investigative radius of the inner electrodes, or may be finite. In simplified form, the resistivity of an assumed semiinfinite medium is given by: (Jakosky, 1950) where V is the potential difference, râ nd r\ are the respective distances of the inner electrodes from the power electrodes, and / is the current flowing between the power electrodes. The sediment medium is assumed to be isotropic. Thus, the specific resistance of any medium is directly proportional to the potential measured, if the current and spacing are held constant. The resistivities are measured on a Model EMT-C portable mud tester (Schlumberger Well Surveying Corp-, Houston, Texas). In principle, the electrodes' cell constant is first determined for the exact geometry of the container chosen to hold the sediment samples, using surface ocean water as reference fluid. Then the probe is inserted into the sediment and the resistivity measured. The' resistivity of both the reference fluid and the interstitial water squeezed 1 2 1. Stainless steel pin, 3/32" (2.4 mm) diameter, inserted in push-in screw receptacle. 2. Polyvinyl chloride cover plate, 1/4" thickness, drilled to accommodate electrode pins. 3. Stainless steel housing. 4. PVC insert, holding (5). 5. Electrode contact receptacles, screwed into insert. 6. 0-ring to prevent moisture from entering interior of housing.
7. Screws to grip PVC insert.
8. Rubber stopper bored and slit to accommodate electrical cable. 9. 4-conductor cable, soldered to electrode contacts. from the same sediment (Waterman, 1970) are determined on a small, calibrated resistivity cell. Temperature corrections are applied to bring both sediment and interstitial water measurements to the same basis, and the formation factor is determined.
In practice the following steps are taken:
(1) Determine apparent resistivity of the sediment by inserting the probe into the end of a 10-cm mini-core cut from a standard 150-cm section of core. In cases where it is not possible to obtain a mini-core, e.g., core-catcher sample, the probe is inserted into a relatively flat surface on the sediment lump. The temperature is determined using a Weston stainless steel dial thermometer.
(2) Determine the resistivity of a volume of reference fluid which closely approximates the geometry and volume of the sediment. A container made from a length of plastic core liner is filled to the brim with the reference fluid and the electrodes submerged to the same depth as when inserted into the sediment. The probe is supported by a plate having a larger diameter than the top of the container. The temperature of the reference fluid is determined. A variety of small plastic cups is used to approximate the size and shape of sediment samples taken from the core catcher.
A sufficiently large volume of surface ocean water is collected at the beginning of the leg so that the same reference fluid can be used throughout the cruise.
(3) Determine resistivity of the interstitial fluid using the small calibrated cell. The temperature of the pore water is determined with a glass laboratory thermometer attached to the cell. The salinity is determined from refractometer (index of refraction) measurements. About \ λ h ml of pore fluid is necessary for the resistivity measurement.
(4) Determine resistivity of the reference fluid using the calibrated cell as described above.
(5) The probe assembly is partially disassembled for cleaning. The polyvinyl chloride plate is removed and the electrodes pulled out of their sockets. All pieces are washed with fresh water using tissues to rub off clinging sediment and salt accumulation, then rapidly dried with acetone dispensed from a wash bottle. The unit is reassembled.
(6) Calculations: The cell constant, k, is the true resistivity at t°C for reference fluid (small cell) divided by the apparent resistivity in sample cup or configuration. Corrected resistivity of sediments is obtained by multiplying the apparent value (directly measured) by the cell constant. Temperature corrections are determined graphically (Figure 3 ). Find the apparent salinity corresponding to determined resistivity at the appropriate temperature. Move horizontally to the desired (interpolated) temperature. The new resistivity value will be found on the bottom scale directly below. Formation factor, F = R s /Rf w , where R s is the corrected sediment resistivity and Rj w is the resistivity of the interstitial water. Diffusion constants are obtained from Equation 1. Porosity is calculated from water content using the graph shown in Figure 4 .
If the core is partly consolidated or lithified, preliminary holes are bored into the sediment using a 1/8-in. twist drill and a plastic template which serves both as a position and depth guide. Drills wear out and must be replaced often when drilling in hard sediment such as sandy carbonates. The apparent resistivity is determined as described above; an additional measurement is made after checking the probe to firmly seat the electrodes. When there is doubt about adequate contact between the pins and the sediment, a few drops of ocean water may be placed in each of the holes. Precautions are taken when obtaining and storing mini-cores to minimize drying from exposure to the atmosphere before the resistivity measurements are carried out. The condition of the mini-core (e.g., state of consolidation, drilling slurry, obvious disruption of material by drilling, cracks resulting from the drilling of holes to insert the probes, etc.) is recorded when appropriate.
RESULTS AND DISCUSSION
The data and calculations summarized in Tables 1  through 7 show that the lowest formation factors (1.6) occur in very porous diatom-radiolarian oozes near the surface of Site 215. Ordinary nannoplankton oozes and silts showed F factors of about 3 in the uppermost sections. The most marked increases in the F factor (decreases in diffusion coefficient) with depth occurred in nannofossil ooze-chalks at Site 217, where maximum F values of 13.6 were obtained. These values correspond to lithified limestones having a porosity of only 25% (water content of 11%). However, interspersed between the poorly permeable sediments are deposits showing lower F factors.
As indicated earlier, one can draw some conclusions about the nature of F factors and hence diffusive capacity of sediment from the proportion and kind of reactive clays or other minerals having appreciable ion exchange capacity. Conversely, from the porosity, F factor data, and the data of Atlan et al. (1968) , the exchange capacity of the sediments can also be estimated in a rough way. Figure 5 is constructed from data relating exchange capacity of a series of clays including kaolinites, illites, and montmorillonites, with porosity and conductivity. Thus, for Site 215, the surficial diatom-radiolarian oozes are indicated to have an exchange capacity of somewhat more than 3 meq/100 g. On the other hand, between 68 and 76 meters an exchange capacity of between 30 and 40 meq/100 g is indicated, values which would be in agreement with the clayey-zeolitic nature of the sediments at that point.
The diffusion behavior of the sediments can be roughly interpreted if it is assumed that bottom waters are at 2°C and that room temperature conditions exist at depths of about 500 meters (temperature gradient of 4°C/100 m). Then for chloride ion, a diffusion coefficient of 3.4 × 10~6 is obtained for surficial sediments at Site 214 and a value of 2.9 X 10-6 at 486 meters. The F factors increase from 2.9 to 6.3 for the two intervals, and the smaller change in calculated diffusion coefficient for free solution would be 1.0 and 2.0 × 105 f or temperatures of 0°C and 25°C, respectively.
Making the same assumptions for Site 217, formation factors of 2.5 and 13.6 at 7 and 547 meters depth, respectively, would yield diffusion coefficients of 4 × 10~6 cm 2 /sec and 1.5 × 10~6 cm 2 /sec. If temperature gradients were steeper, the diffusion coefficients at depth would be larger. On the other hand, we may reckon that some artificial increase in the apparent diffusion coefficient is caused not only by the presence of conductive clay, referred to earlier, but, by decompression of the sediments Figure 3 . Graph for the determination of the temperature-corrected sediment resistivity.
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when raising them to the surface. Nevertheless, the given values may be regarded as providing a first approximation to diffusion coefficients for dissolved species at depth in deep-sea sediments. The preceding discussion has referred only to the net diffusional velocity of free ions and molecules in the pore spaces of the sediments. Where reactive species are concerned, their reactions with host sediments introduce further complications. Note: (8°07.3'S, 86°47.5'E) water depth 5319 m; 175 m penetration. Notes as in Table 1 . Sediments are radiolariandiatom ooze to 38 m, silty zeolitic clays occur at 68-76 m. Below that depth nannoplankton oozes prevail. a "Soft" end of mini-core. ""Firm" end of mini-core. Note: (1°27.7'N, 90°12.5'E) water depth 2247 m; 477.5 m penetration. Notes as in Table 1 . Sediments are foraminifera-bearing nannoplankton ooze and chalk. Figure 5 . Relationships between formation factor, poros ity, and exchange capacity for various sediments. Drawn from data in Atlan et al, 1968 . Conductivity of the permeating solution (NaCl) is 15 mho/m.
